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A clear plaque mutant of the temperate Bacillus phage 4105 lysogenized a
small fraction of infected cells forming an integrated prophage at or near the
normal 0105 insertion site. These lysogens exhibited a spontaneous induction
rate approximately 1,000-fold lower than wild type and were noninducible (indj)
by mitomycin C. Prophage was induced, however, when competent cultures were
incubated with transforming DNA. The ind- phenotype could not be attributed
solely to the clear plaque mutation and appears to involve a cell-specific factor.
Lysogenization by the clear plaque mutant, in contrast to wild-type phage, did
not cause a marked reduction in transformation efficiency.

The plaques formed by temperature phages
are turbid due to growth of lysogenized bacterial
cells within the plaque. Phage mutants which
form cleir plaques usually are defective in their
ability to lysogenize infected cells. This pheno-
type is not restricted to mutants which never

lysogenize but also includes mutants whose
lysogenic potential is impaired but not com-
pletely eliminated (8).
The temperate Bacillus phage 4105 lysoge-

nizes strains of B. subtilis 168 forming an
integrated inducible prophage (3, 13). Several
clear plaque mutants of 0105 have been de-
scribed (2, 13); two of these, ccl and cts23, are
temperature-sensitive mutants, whereas the c4
mutant forms clear plaques at 30 and 40 C. The
cts23 gene product is necessary for the mainte-
nance of repression; prophage carrying this
mutation are temperature inducible. The gene
function(s) defined by the ccl and c4 mutations
are not known.

This report describes the isolation and prop-
erties of cells lysogenized by 0105c4. It is
apparent from this study that the c4 gene
product is not the 0105 repressor.

MATERIALS AND METHODS
Bacteria and phage. The bacterial strains used

are listed in Table 1. Stocks of 0105, including the
spontaneous clear plaque mutant 4105c4 (13), were

kindly supplied by L. Rutberg.
Media and growth of phage and bacteria. Phage

0105 was assayed for PFU on Min-CH overlay plates

13

(13). To enumerate free phage in the presence of
+105-infected or -lysogenized cells, this medium was
supplemented with 5 mg of streptomycin sulfate per
ml, and samples were plated with a streptomycin-
resistant indicator, SR135 Strr.
The defective phage, PBSX, was titered by spot-

ting lysates on overlay plates consisting of 2.5 ml of
the top agar described by Okubo and Romig (11),
seeded with the PBSX-sensitive strain B. subtilis
W23M8 (6), layered onto Tryptose blood agar base
(TBAB). PBSX titers are expressed as the reciprocal
of the highest dilution which inhibits growth of the
indicator. Because X105 does not produce plaques on
B. subtilis W23 strains (3), the presence of this phage
in lysates does not interfere with the PBSX assay.

Veal-yeast extract (VY) broth contained 2.5% veal
infusion (Difco) and 0.5% yeast extract (Difco). Bac-
terial colony-forming units were determined by
streaking dilutions on TBAB plates.

Isolation of 0105-resistant and 0-105c4-lysogenic

TABLE 1. Bacterial strains

Strain Relevant propertiesa Source

BR95 phe-1, ilvA-1, try-2 L. Rutberg
SR135 try-7, spoA-9, su+3 L. Rutberg
MB54 metC J. Marmur
W23 M8 PBSXB J. Marmur
SR135 Strr try-7, spoA-9, su+3, Our collection

strr

aProperties: spoA-9, asporogenous; su+, suppresses
the try-7 mutation; PBSX', killed by the defective
phage PBSX (14); strr, resistant to 5 mg of strep-
tomycin sulfate per ml.
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strains. Exponentially growing cultures in Min-CH
medium were infected with 0105c4 at a multiplicity of
3 to 5. Following lysis, an equal volume of fresh
medium was added to the cultures and incubation
was continued for 16 h to enrich for cells which could
grow in the presence of the phage. These cells were
cloned on TBAB plates and purified several times by
picking and restreaking single colonies. To screen for
k105 resistance, or immunity, cultures of these clones
in Min-CH medium were tested for their ability to
grow across a streak of 0105c4 (6 x 10' PFU/ml) on a
TBAB plate.

Bacterial transformation and mapping. Bacteria
lysogenized by 0105c4 were grown to competence and
transformed with DNA isolated from a wild-type X105
lysogen, and prototrophic recombinants were selected
and purified as described previously (6). Linkage
between the c4 mutation and bacterial markers was
determined from the plaque phenotype of phage
spontaneously liberated by purified transformed
clones cultured in VY broth.

RESULTS
Isolation of 0105c4 lysogens. The first indi-

cation that c4 mutants of 0105 were able to
lysogenize followed an attempt to use this phage
as a selective agent for the isolation of /105-
resistant mutants of B. subtilis. One isolate,
thought to be a resistant strain, was observed to
produce plaques when overlaid in the presence
of 0105-sensitive cells. Subsequent examination
revealed that several other clones, initially
classified as /105 resistant, spontaneously lib-
erated a clear plaque phage. Two of these,
SR135(0105c4) and BR95(0105c4), were se-
lected for further study.
Adsorption of 0105. The failure of 0105 to

produce plaques on lawns of SR135(0105c4) or
BR95(0105c4) is not due to an inability to
adsorb the phage. Within 15 min after the
addition of 0105 to these cultures, between 80
and 90% is adsorbed (Table 2).
Chromosomal location of 0105c4 prophage.

Since the presence of 0105c4 in cultures of
SR135( 0105c4) and BR95( 0105c4) could be
indicative of either a carrier state (16) or true
lysogeny, it was necessary to determine whether
the 4105c4 genome was integrated into the host
chromosome.
Rutberg (13) has demonstrated that the inser-

tion site for 4105 prophage lies between the host
markers phe and ilv, and that prophage deter-
minants are cotransformed with either phe or
ilv with a frequency of approximately 10% (12).
To investigate if linkage could be demonstrated
between the c4 determinant and either of these
markers, BR95(0105c4) was transformed with
DNA isolated from MB54(0105), and phe+,
ilv+, and try+ transformants were selected.
Transformants which had undergone recombi-

nation for prophage genes were detected by
examining the plaque phenotype of spontane-
ously liberated phage. The results presented in
Table 3 demonstrate that the c4 mutation
cotransforms with phe and ilv, indicating that
0105c4 forms an integrated prophage at or near
the normal 0105 insertion site.
Two classes of prophage recombinants were

observed. One class results in the conversion
from a clear to a turbid plaque type phage and
accounts for 9% of the ilv+ and 13% of the phe+
transformants. These recombinants appear to
have acquired the c4+ allele from the wild-type
prophage. The second class, which is observed
less frequently, has lost the ability to produce
infectious phage but has retained +105-specific
immunity. Recombinants in this class may have
lost a phage gene(s) essential for lytic develop-
ment and appear to be analogous to the defec-
tive lysogens described for coliphage X (1, 9). No
recombinants were observed which produced
both clear and turbid plaque type phages,
suggesting that double lysogens are not formed.

Contrasts between 105 and 105c4 ly-
sogens. Cells lysogenized by 0105c4 differ
from those lysogenized by wild-type 0105 with
respect to their inducibility and efficiency of
transformation. The rate of spontaneous induc-

TABLE 2. Absorption of k105a

Fraction of phageStrain unadsorbedb

BR95 0.14
BR95(0105c4) 0.20
SR135(0105c4) 0.10

aCultures growing exponentially in Min-CH, 37 C,
were infected at a multiplicity of 0.5 to 1.0 with k105.

bRatio of the number of PFU due to free phage
remaining unadsorbed at 15 min to the number of
PFU added.

TABLE 3. Prophage recombinants produced by
transformationa

ilvA-1
phe-1
try-2

198
200
200

Defec-
tive°

169 27
198 2

7
4
0

a BR95 (0105c4) was transformed with nonsaturat-
ing concentrations of DNA (0.01 ,g/ml) isolated from
MB54 (X105).

b Recombinants in this class did not liberate infec-
tious phage but retained immunity to infection by
0105.

14 J. VIROL.



CHARACTERIZATION OF 0105c4 LYSOGEN

tion of 0105c4 prophage (Table 4), measured in
cultures growing exponentially in VY broth, was
found to be 103 to 104 lower than that reported
for wild-type 0105 (3). Furthermore, formation
of infectious 0105c4 is not induced when the
lysogenic strains are exposed to mitomycin C
(MC). An increased production of infectious
phage is observed, however, when 0105c4 lyso-
genic cultures are grown to competence and
exposed to transforming DNA (Table 5). In
agreement with the results reported by Peterson
and Rutberg (12), this effect was not observed
with cells lysogenized by wild-type phage. The
phenomenon of DNA-mediated prophage in-
duction will be discussed in a subsequent paper.

Bacteria lysogenic for 0105 transform at
greatly reduced levels relative to nonlysogenic
strains (12, 17). This effect was not observed
with the 4105c4 lysogenic derivative of BR95
(Table 6). The frequency of transformation of
BR95(0105c4), though somewhat reduced com-
pared to the nonlysogenic strain, is several
hundred times greater than that of the wild-
type lysogen. The transformation efficiency of
SR135(0105c4) was not examined since these
cells carry the su+3 suppressor and are pheno-
typically try+.

Characteristics of 0105c4W recombinants.
As a consequence of the mapping study de-
scribed above, it was possible to isolate recom-
binants of BR95(0105c4) which liberate turbid
plaquing phage (Table 3). All of these recombi-
nants, which are designated BR95T(k105c4+),
retain the low level of spontaneous phage pro-
duction characteristic of 0105c4 lysogens. Fur-
thermore, when tested for transformation to
try+ each of 20 randomly picked
BR95T(0105c4+) clones, generated by selecting
either phe+ or ilv+ recombinants of BR95
(0105c4), exhibited the high transformation
efficiency of the parental strain, BR95(4105c4).
There are two possible explanations for this. (i)
The phage 0105c4 carries a mutation in addi-
tion to the one responsible for its clear plaque
phenotype, which contributes to the induction
and transformation characteristics of the
0105c4 lysogens. (ii) These characteristics are
due to some cell-specific factor.

It was possible to differentiate between these
possibilities by lysogenizing bacteria with the
phage liberated by a BR95T(4105c4+) recombi-
nant and examining their phenotype. To isolate
the desired lysogens, BR95T(0105c4+) was cul-
tured for 16 h in VY broth, and the medium,
which contained free phage, was sterile-filtered
and plated in overlays seeded with BR95. The
centers of the turbid plaques produced were
picked, and the lysogens, designated

TABLE 4. Induction of prophage

Spontaneous MCa
Strain (frequency/

generation) Yielders6 Burst

SR135(0105) 1.3 x 10-5 1.4 100
BR95(0105) 1.7 x 10-4 2 78
SR135(f105c4) <1 x 10-8 1 x 10-4 3 x 10-i
BR95(0105c4) <1 x 10-8 4 x 10-' <1 x 10-6

aMitomycin C (MC) induction: cultures growing
exponentially in VY broth (2 x 107 cells/ml) were
treated with 0.4 jg of MC per ml. Lysis occurred
within 120 min.

bYielders: ratio of infectious centers, after MC
addition but before burst, to viable cells present
before MC.

TABLE 5. Effect of transforming DNAa on phage
production

Strain Induction ratioStrain ~~~(DNA/buffer)'
SR135(0105c4) 47
BR95(0105c4) 35
SR135(0105) 1
BR95(0105) 1

a MB54 DNA, 4 gg/ml.
"These values represent the ratio of PFU due to

free phage measured at 120 min after the addition of
either DNA or buffer (0.015 M NaCl, 0.0015 M
trisodium citrate, pH 7) to competent cultures.

TABLE 6. Relative frequencies of transformationa

Marker selected
Strain

ilvA-1 phe-I try-2

BR95 1.0 1.0 1.0
BR95(0105c4) 0.4 0.4 0.5
BR95(0105) 1 x 10-3 1 x 10-3 1 x 10-3

a Competent cultures were transformed with satu-
rating concentrations of DNA (4 ug/ml) isolated from
MB54. The frequency of transformation (transfor-
mants/total viable cells) for each culture was calcu-
lated, and the values obtained were divided by the
frequency observed for the nonlysogenic strain.

BR95(0105c4+), were cloned on TBAB plates.
As seen in Table 7 these lysogens exhibit the
induction and transformation characteristics of
wild-type k105 lysogenized bacteria, indicating
that the phenotype of the original 0105c4 lyso-
gens is cell specific.
Induction of PBSX from 0105c4 lysogens.

All strains of B. subtilis 168 carry the inducible
defective phage PBSX (14, 15). It was possible,
by examining the inducibility of PBSX, to
determine if the factor which causes the induc-
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TABLE 7. Characteristics of 4105c4+ lysogens

Inductiona| Transformation

Strain Spontaneous MC try-2trans-(frequency! torm-tants-erR
bacterial Yielders Burst 1 pRc

generation)

BR95T(I105c4+) <1 x 10-8 0.6 x 10-' <1 X 10-6 2.5 x 105 2 102
BR95(4i105c4+) 9 x 10-5 2.4 26 8.5 x 102 2.9 x

aInduction measured in VY broth.
bMB54 DNA (4 Ag/ml) was added to competent cultures.
c Ratio of transformation efficiencies BR95T(40105c4+): BR95(0105c4W).

tion-minus (ind-) phenotype of 0105c4 lysogens
also affects this phage. Exponentially growing
cultures of SR135(0105c4) and BR95(0105c4) in
VY broth were treated with MC (0.4 lAg/ml), and
the time course of lysis and PBSX production
was followed. As seen in Fig. 1, PBSX is
inducible from the 0105c4 lysogens, indicating
that the ind- phenotype is specific for the c4
prophage. Further proof of this specificity was
provided by the finding that the temperate
Bacillus phage SPO2 lysogenizes and is induci-
ble from BR95(d/105c4) and the BR95T(0105c4+)
recombinant (data not shown).

DISCUSSION

The principal conclusion which can be drawn
from the experiments reported here is that the
gene function inactivated by the c4 mutation is
not required for prophage maintenance or im-
munity. Although it is apparent that the c4 gene
product is not the k105 repressor, the role of c4
function in the establishment of lysogeny re-
mains to be resolved.
The ind- phenotype of 0105c4 lysogens can-

not be attributed solely to the c4 mutation since
transformants which have acquired the c4+
determinent retain this characteristic. Interest-
ingly, all Xind- mutants which have been de-
scribed are associated with the cI gene which
codes for the X repressor (4, 7). However, no
evidence was found for an additional 0105
mutation to explain the ind- phenotype, i.e.,
the phage released from ind- c4+ recombinants
such as BR95T(0105c4+) behave like wild-type
0105 when transferred to a new host (Table 7).
The cell-specific nature of the ind- phenotype

may be explained by either (i) a cellular muta-
tion which may have been selected for by the
procedures used to isolate the c4 lysogens, or (ii)
the formation of an aberrant prophage which is
not efficiently induced to form infectious phage.
If 0105c4 forms a prophage which is aberrant in
either its exact integration site or gene order,
then the resulting inhomologies which would

occur during recombination with wild-type 0105
lysogen DNA could account for the generation
of defective prophage seen in the mapping
experiment (5).
Both explanations are compatible with the

finding that PBSX and SPO2 are inducible
from k105c4 lysogens. A cellular mutation
which is specific for /105 may reflect the need
for a host function during some step unique to
0105 induction. In this regard Armentrout and
Rutberg (2) have recently demonstrated that, in
contrast to phages such as X and P22, several
steps are involved in separating 0105 prophage
from bacterial genes during induction. PBSX
induction, on the other hand, does not appear to
require prophage excision (10), whereas SPO2
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FIG. 1. Kinetics of PBSX induction. MC (0.4 gg/
ml) was added at 0 min to cultures growing exponen-
tially in VY broth at 37 C. Optical density (OD) was
followed in a Klett colorimeter at 670 nm. PBSX
titers were determined as described in Materials and
Methods. SR135(0105c4): OD(@), PBSX(A);
BR95(0105c4): OD(O), PBSX(A).
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induction has not been studied in sufficient
detail to comment upon.
The last relationship to be considered is the

effect of lysogenization on transformation and
transfection. The fact that 105c4 lysogens are
transformed with an efficiency that is several
hundredfold greater than that of wild-type lyso-
gens (Tables 6 and 7) may be related to their
low level of spontaneous induction. Preliminary
experiments have indicated that competent
cells of wild-type lysogens are exceptionally
prone to spontaneous induction (Garro, unpub-
lished observation). Since transformation re-
quires continued cell viability and induction
results in cell death, a high level of spontaneous
induction would result in fewer potential trans-
formants in competent cultures. Transfection,
on the other hand, does not require continued
cell viability, and, though Peterson and Rutberg
(12) reported lysogenization to decrease trans-
fection by /1 DNA, Yasbin and Young (17) have
reported transfection by 029 and SPOl to be
unaffected.
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